~" The objectives of this study were to determine the ability of enteral hyperalimentation to meet the caloric and protein requirements in acute severe head injury, and to study the effect of increasing protein intake on nitrogen balance. This consecutive series of 20 patients suffered acute severe head injury and remained comatose for at least 24 hours. They were all without other major injuries, and were treated with steroids. These patients were randomly placed in two comparable treatment groups: one group was fed with an enteral formula containing 14% of its calories as protein and the other group received a formula containing 22% protein calories. Feedings were advanced to replace 140% of caloric expenditure measured by indirect calorimetry, averaging 3500 kcal/24 hr. Balance periods of the targeted intake were 7 days in duration, and were begun during the Ist week after injury for 65% of patients and in the 2nd week after injury for 35% of patients. The lower protein group received an average of 26.8 gin/24 hr of nitrogen, equivalent to 188 gm of protein, and the higher protein group 34.3 gm/24 hr, equivalent to 231 gm of protein. Nitrogen balance was -9.2 _+ 6.7 gm/24 hr in the lower protein group and -5.3 _+ 5.0 gm/24 hr in the higher protein group, but the difference did not reach statistical significance because of sample size and variability in extent of catabolism among patients. Despite the hyperalimentation, there was a mean negative cumulative nitrogen balance of 200 gm by the 2rid week after injury, and only three patients achieved net nitrogen equilibrium for the 7-day balance period. Despite enteral hyperalimentation, the patients' weight fell by 15% in the 2nd week, serum albumin was often decreased, and creatinine-height index decreased over time but remained in a normal range. Monitoring urinary urea nitrogen, which has been advocated as a generally available technique for measuring urinary nitrogen concentration, was found to be a poor measure of urinary nitrogen excretion. This work has demonstrated: 1) that high caloric and protein feedings may be delivered for prolonged periods enterally for most patients in the acute phase of head injury with few metabolic complications, and 2) that increasing the nitrogen content of feedings from 14% to 22% may somewhat improve nitrogen retention, although nitrogen equilibrium is seldom achieved.
A PREVIOUS study has shown that acutely headinjured patients are highly catabolic) An average increase in resting metabolic expenditure (RME) of 140% of that expected for a noninjured person of the same age, sex, and body surface area, which lasts at least 1 89 weeks after injury, has been shown in 14 comatose patients. Nitrogen metabolism was also increased and patients were found to consume an average of 22% of their caloric requirements as protein, compared to a normal protein calorie contribution (PCC) of 10%? 0 With a program of early enteral feeding with a formula (Magnacal) containing 14% of its calories as protein and providing 2 kcal/cc,* nitrogen equilibrium was achieved on only 8% of the days of study despite replacement of (on the average) 100% of RME in feedings.
Enteral alimentation was selected over intravenous alimentation because of its lack of catheter-related complications. In this selected series to study the hypermetabolic response, high levels of enteral feedings were achieved for only brief periods. To guide management, it is necessary to know if enteral feedings can be administered at high levels of replacement for sustained periods in acutely head-injured patients, what is the optimal protein intake, and what are the metabolic consequences of enteral hyperalimentation.
The relationship of nutritional management and of indices of nutritional status to outcome in critically injured patients has not been established. Most commonly, nitrogen balance studies and measurement of caloric consumption have been used to guide the level of nutritional replacement in the acutely injured patient.3'8'~~ 3,~5.2o. 22 Rapp, et al., ~8 found that withholding caloric and protein intake in the first 14 days after severe head injury increased the early mortality rate. The percent of ideal body weight, the serum albumin concentration, the lymphocyte count, and the creatinine-height index have been frequently used as indices of nutritional status.~'2'5"2~'24 A 30% preoperative weight loss has been associated with marked increase in surgical mortality in one group of patients. 2j Hypoalbuminemia (< 2.5 gm/dl) has been associated with increased morbidity in one study of hospitalized patients. 2 Several studies have found a relationship between a combination of these anthropometric and biochemical indices of nutritional status and outcome after surgery, but others have not found this relationship. 1' 7"~6 ' 19 While the relationship of the extent of feeding and of nutritional indices to outcome has not been established, minimizing nitrogen loss has been a commonly used goal of metabolic management in critical care. Because of the marked nitrogen losses of head-injured patients, it is necessary to know what level of protein intake maximizes nitrogen retention and avoids depletion of visceral and somatic protein stores as a potential means of improving outcome. One way of minimizing nitrogen loss might be to increase the protein content or grams-of-nitrogen to calorie ratio of enteral formulas in order to more closely approximate the PCC found in head-injured patients. Since marked nitrogen loss has been found at 100% RME replacement using relatively low enteral infusion rates with a formula containing 14% protein calories, and since the measured PCC of head-injured patients at 10 gm nitrogen intake per day averaged 22% protein calories, it might be that the absolute amount of protein administered was inadequate? This study was designed to determine if enteral hyperalimentation could be used to administer large caloric and nitrogen intakes and to compare the ability of two commercially available formulas, one containing 14% of its calories as protein and the other 22%, to minimize nitrogen loss when delivered for a sustained period at high levels.
Clinical Material and Methods

Study Design
Twenty comatose patients were randomly categorized into two groups. One group of 10 patients was fed a formuia containing 14% of its calories as protein (Magnacal), and the other group a formula containing 22% protein calories (TraumaCal).? Feedings were increased until 150% of measured RME could be provided for a 7-day period with no more than 2 days in which less than 100% RME was replaced. Nitrogen balance was compared in the two groups during the t TraumaCal obtained from Mead Johnson Nutritional Division, Evansville, Indiana. balance period. Only patients in coma for more than 24 hours were included in the study, so as to avoid entering patients who rapidly awoke from coma. Because of individual variations in tolerance of feedings, it was not possible to set the balance period on the same days after injury for each patient, although all balance periods were begun within 14 days of injury.
The variables that could potentially influence RME and nitrogen excretion, other than the level of nitrogen administration in head-injured man, are neurological deficits (Glasgow Coma Scale (GCS) score), age, body surface area, sex, steroid therapy, infectious complications, temperature, the level of caloric intake, and the period of time after injury. 3"6"8"~2"~7 These variables were tested for comparability between the two groups.
Patient Population and Patient Selection
Forty-one patients with severe head injury (GCS score < 8 for at least 6 hours), were admitted to the Neurosurgery Service of Ben Taub General Hospital between November 1, 1982, and July 30, 1983. Ten (24%) remained in coma less than 24 hours. Nine patients died within 24 hours. Two patients had endstage liver disease. All of the 20 remaining patients with an admitting GCS score of less than 8, who were in coma for more than 24 hours, were included in the study. Patients with gunshot wounds were not excluded. Two of the study patients in a vegetative condition had died by the 3rd month after injury. None of the patients had major associated injuries.
Patient Management
The general management of the severely head-injured patient has been detailed in other publications. 9 The principles of management were intubation, computerized tomography (CT) scanning, and early surgery for hematomas and gunshot wounds. In the intensive care unit, all patients were monitored for intracranial pressure, cardiac function with the Swan-Ganz catheter, arterial blood pressure with a radial arterial catheter, and urinary output with the Foley catheter. Routine medications during study were phenytoin, 300 mg/24 hr, antibiotics, and dexamethasone, 16 mg/24 hr. Head elevation and hyperventilation were used in all patients. Pulmonary capillary wedge pressure was kept at 8 to 14 mm Hg by administration of intravenous crystalloid. Intravenous fluid administration at an average of 65 ml/hr was continued throughout the period of metabolic study for all patients. Either 0.9% saline or 0.45% saline without dextrose was used as a solution for all intravenous fluids, so that the only caloric intake received was from enteral alimentation. Metamucil, 30 cc/12 hr, was given by nasogastric tube to provide stool bulk.
Each patient was selected randomly to receive either the 14% or the 22% protein content formula at 24 hours after injury. Protein was derived from the same source in both formulas --a caseinate. Fat content was (Table 1) . Enteral feedings were begun at 50 cc/hr of full-strength solution and advanced by 25 cc/ 12 to 24 hr. The RME was measured initially, and enteral replacement was advanced to achieve 150% of initial RME. When full alimentation was reached, RME was measured again, and the feeding rate adjusted to 150% of the second RME determination. Feedings were decreased in rate by 25 cc/hr for gastric residual volumes of greater than 300 cc measured every 6 hours or if diarrhea occurred. Diarrhea seldom occurred unless patients were treated with broad spectrum antibiotics and responded to a decrease in rate of feedings.
Metabolic Methods"
Resting metabolic expenditure was measured initially and at the beginning of the balance period for all patients and at the conclusion of the balance period for l0 patients, for a total of 50 days of RME measurement. Measurement of RME was by indirect calorimetry which has been described previously. 8 A Tissot cell and gas chromatograph were used to measure RME in 16 patients and a metabolic cartz~ was used in the remainder. The duration of gas collection was from 15 to 60 minutes. Most patients were intubated and ventilated during measurement. At the time of RME measurement the following data were also recorded: GCS score, temperature, heart rate, blood pressure, and the presence of any spontaneous activity.
Nitrogen balance studies were conducted continuously until the balance period was concluded. Urine was collected for 24-hour periods in jars containing 10 Tissot cell and gas chromatograph, MMC-Horizon. manufactured by Beckman Instruments, Inc., Norcross, Georgia. ml of 0.1 normal hydrochloric acid. After collection, urine was further acidified until all sediment was dissolved, then 20 ml was frozen in a -80~ freezer. Urinary nitrogen was measured by the micro Kjeldahl technique for 10 patients and by the chemiluminescent techniquew for the remainder. In two patients, fecal nitrogen content was measured by the micro Kjeldahl technique during the balance period, and the mean value for all fecal nitrogens was 2 gm/24 hr. Two grams of nitrogen was therefore added to the value for 24-hour urinary nitrogen loss for each patient in order to estimate total nitrogen loss. Urinary creatinine and urea excretion were measured daily, and serum albumin concentration, total lymphocyte count, and weight were measured twice weekly from admission until conclusion of the balance study. Urea was measured by the urease conductivity method.ll '~ Serum glucose was measured at least twice daily throughout the period of study.
Results
Comparability of Groups
The demographic data, initial GCS scores, GCS scores at the beginning and end of the balance period, average temperature, pathological diagnosis, outcome, time after injury of the balance period, percent of ideal body weight, serum albumin, lymphocyte count, and creatinine-height index for each group is shown in Table  2 , with a statistical comparison of mean values ___ standard deviation in both groups by Student's t-test. There were no significant differences in the two groups. Bacterial infections were documented in five patients during the balance period (three patients in the higher protein group and two patients in the lower protein group). Two patients had pneumonia, two had urinary tract infections, and one had a staphylococcal meningitis. Enteral feedings were begun on the 2nd day after injury for all patients, but in seven of 20 patients sufficient enteral alimentation to deliver 150% of RME could not be provided consistently until the 2nd week after injury. In three patients whose balance period was achieved in the 2nd week, delay was due primarily to procedures that required periods of non-oral feeding. Four patients did not tolerate early feedings because of retention of gastric contents. Administration of morphine or barbiturates, or severe bacterial infections were associated with intolerance of feedings in these patients. Table 3 compares the mean percent of RME replaced, mean nitrogen intake, mean nitrogen balance, and cumulative nitrogen loss in the two groups of patients. All data are expressed as a mean ___ standard w Nitrogen analyzer manufactured by Antek Instruments, Inc., Houston, Texas.
Comparison of Nitrogen Balance
II Urease conductivity meter, Beckman-Astra, manufactured by Beckman Instruments, Inc., Norcross, Georgia.
] 88 deviation. Nitrogen balance and nitrogen excretion data were adjusted to body weight to control for the effect of muscle mass on nitrogen excretion. Mean percent of RME replaced was the same in both groups, namely, 140%. Nitrogen intake was 17. 
Anthropometric and Biochemical Markers of Nutrition
For the purpose of correlating cumulative nitrogen balance with putative indices of nutritional status, body weight, serum albumin value, creatinine-height index, and total lymphocyte count, the study period was divided into 5-day epochs. Twenty patients were studied continuously until the 10th day. Eight patients were studied until Day 15 and three patients until Day 20.
Since there was not a significant difference in mean nitrogen balance between the two groups and the two groups did not differ in change of body weight, serum albumin content, creatinine-height index, or lymphocyte count, data from both groups were combined. Values for creatinine-height index, body weight, serum albumin content, and total lymphocyte count were averaged for each 5-day period and were plotted with cumulative nitrogen balance on the last day of that period. Figure 1 shows the mean of values for the first 20 days. A gradual fall in mean serum albumin concentration, body weight, and creatinine-height index is seen but, because of the wide standard deviation of the mean, the only change between each period that reached statistical significance was a 15% fall in body weight between Days 6 to 10 and Days 1 1 to 15. The mean serum albumin level for all patients at the start of the study was 3.1 gm/dl, that is, moderately substandard. 24 While there was not a significant fall in serum albumin concentration when averaged values for each 5-day period were compared to the previous 5-day period, 28% of 107 serum albumin determinations were less than 2.8 gm/dl (severely substandard), and 49% of determinations were less than 3.5 gm/dl (rood- 
Complications of Feeding
Hyperglycemia was not a major problem in either group. The mean serum glucose level in the higher protein group was 176 _ 71 mg/dl and in the lower protein group 179 _+ 51 mg/dl. Insulin was required for serum glucose sustained at greater than 180 mg/dl in one elderly patient. Electrolyte abnormalities seldom occurred. Blood urea nitrogen did not become elevated in any patient.
Relationship of Urinary Urea Nitrogen to Total Urinary Nitrogen
Urinary urea has been said to comprise a relatively constant 85% of urinary nitrogen excretion, and measurement of urinary urea has been extensively advocated as a readily available index of total nitrogen excretion. 4~j5 Net retention of nitrogen or positive nitrogen balance has been reported uniformly in headinjured patients by Twyman and Young 23 with use of the same high protein feeding as administered in this study. This conclusion was based on studies using urinary urea nitrogen plus 4 gm (a standard formula for calculation of total nitrogen excretion) as an index of nitrogen excretion. Nitrogen equilibrium was rarely achieved in the present study with either formula. To resolve this discrepancy in our findings, urinary urea content was compared to total urinary nitrogen levels measured by the chemiluminescent and micro Kjeldahl techniques in this group of patients. Table 4 shows the relationship of urinary urea nitrogen to total urinary nitrogen in these 20 patients. Urea comprised 81% (range 50% to 100%) of total urinary nitrogen; however, use of urinary urea nitrogen plus 4 gm resulted in a calculated daily mean nitrogen balance of -5.4 _+ 5.7 gm for the lower protein group and -1.7 + 5.7 gm for the higher protein group, which underestimated nitrogen excretion. The formula of urinary urea nitrogen plus 4 gm is based on the percentage of non-urea nitrogen found with normal levels of nitrogen excretion, and does not take into account the absolute increase in non-urea nitrogen associated with very high levels of urinary nitrogen excretion. 
Discussion
The primary importance of this work is to demonstrate the ability to deliver sustained high levels of caloric and protein intake to head-injured patients by enteral feeding in the acute phase of head injury, and to establish the metabolic consequences of the feeding program in terms of energy replacement and nitrogen retention. Early feeding and maintenance of a high enteral infusion rate required attention to detail, orientation of nursing staff to early enteral feeding, and readjustment of infusion rates during the 1st week. Morphine, which caused gastric retention of feedings, was not routinely used unless intracranial pressure was elevated. For sustained periods, all patients achieved a caloric intake 40% over their measured caloric consumption or an average of 3500 kcal/24 hr. Mean nitrogen intake was 17.6 gm/24 hr and 29.0 gm/24 hr for the lower and higher protein groups, respectively, by the 14th day after injury. Morphine administration, barbiturates, and sepsis were common factors associated with gastric intolerance of feedings, and prevented feeding at this level until the 2nd week in 20% of all patients. Feedings were given by nasogastric tube, and use of a duodenal feeding tube may improve ability to provide earlier feeding. It is concluded that most patients (70% to 80%) with severe head injury can be given substantial Values are expressed as a mean and standard deviation of the mean for all patients, and each mean value was tested for statistical significance against the value for the previous 5-day period. Since studies were not continued beyond the balance period of maximal enteral intake, the number of patients in each 5-day period decreases. Twenty patients are shown for Days 1 to 5 and 6 to 10, eight patients for Days 11 to 15, and only three for Days 16 to 20. Although the mean values of creatinine-height index, serum albumin, and weight fell progressively, only the 15% decrease in mean weight from Days 6 to 10 to Days 11 to 15 was statistically significant (denoted by asterisk). Cumulative nitrogen balance fell sharply despite early enteral hyperalimentation. enteral alimentation at levels meeting or exceeding those achieved with intravenous alimentation within the 1st week after injury, and virtually all patients can be expected to tolerate this level of enteral feeding by the 2rid week.
The feeding program targeted at achieving sustained replacement of 150% of RME early after injury resulted in few metabolic complications, but was associated with weight loss. The low serum albumin values found are probably related in part to factors other than body composition, such as fluid status. Hyperglycemia requiring insulin (> 180 mg/dl) injection occurred in one elderly patient. Azotemia was not recorded in any patient. Although cumulative nitrogen balance was negative, averaging -100 gm by Day 10 and -200 gm by Day 15, weight was relatively constant during the first 10 days. By Days 11 to 15, when mean cumulative nitrogen balance was -200 gm, there was a fall in weight.
It is likely that the failure to find a statistically significant difference in nitrogen balance between the two groups of patients was due to 1) variability in the extent of catabolism among patients in both groups, producing a wide standard deviation in the mean values of nitrogen balance, and 2) a small difference in nitrogen balance induced by this increase of protein intake between the two groups. A difference in nitrogen balance of 6 gm/24 hr would have been required to reach statistical significance by Student's t-test with this sample size at a power of 0.9. The actual difference in nitrogen balance of 4 gm/24 hr would have required a sample size of 50 patients per group to reach statistical significance at a power of 0.9. Although patients were all in coma when allotted to a group and were managed similarly, there were wide variations in nitrogen excretion and RME, despite a relatively constant nutritional intake. This variability resulted in a wide range of nitrogen balances within each group. In the lower protein group, nitrogen balance varied from +7.7 to -19.5 gm/24 hr and in the higher protein group from +3.7 to -12.1 gm/24 hr. While some of the differences relate to GCS scores, other factors (such as activity, muscle tone, and differing neurohumoral responses to head injury) must have a large influence. To more specifically define the best level of feeding for individual patients, the sources of variation must be studied.
The level of increase in nitrogen balance found in this study is consistent with the findings in burned patients, In adults with third-degree burns of 15% of the body surface, an increase in nitrogen intake of 10 gm/24 hr has resulted in 50% retention of administered nitrogen. 2~ The difference in nitrogen balance of 4 gm/ 24 hr that we found between the two groups, with a mean increase in nitrogen intake of 11.4 gm/24 hr, is consistent with data from the burn study and from studies of other catabolic patients. This would suggest that the difference in nitrogen balance found was related to increased protein intake. Whether this level of increase in nitrogen retention is of clinical significance is unclear, since differences in anthropometric and biochemical markers of nutritional status were not found.
At this time, the exact relationship of the effect of protein and caloric replacement on outcome is not established in any group of hypermetabolic patients. Failure to supply energy and protein sources is clearly deleterious, but the question of how much is optimal cannot be answered succinctly. It has been generally concluded that full replacement of expended calories is desirable. Whether nitrogen balance is even achievable in the acute phase of serious injury is debated, and the value of attempting to achieve nitrogen balance by extreme hyperalimentation (> 200% RME) is questionable since much of the administered protein is not retained, and side effects such as hyperglycemia may occur. Tilstone 22 and Long, et al., 13"j4 have advised feeding the most hypermetabolic patients 55 kcal/kg/ day based on replacement of 100% of measured caloric consumption plus a 20% activity factor. This same level of feeding (50 to 60 kcal/kg/day) based on measured RME plus 40% was achieved in head-injured patients for sustained periods of time early after injury by enteral alimentation alone. Intravenous alimentation with its attendant infectious complications is, therefore, necessary only in a minority of patients unless morphine or narcotics are used as a routine medication. Use of the highest available percentage of protein may improve nitrogen retention.
The following guidelines are, therefore, based on full replacement of expended calories, avoidance of hyperglycemia (> 170 mg/dl), and minimizing nitrogen loss. 1) Calorie replacement: 50 kcal/kg/day; 2) protein: 14% to 22% of calories and 1.5 to 2.5 gm/kg/day of protein; 3) route: enteral alimentation if tolerated within 72 hours of injury, otherwise intravenous alimentation; 4) medications: avoidance of morphine use unless intracranial pressure is increased; 5) rate of feeding: continuous infusion with advancement of feedings slowly over 2 to 3 days to a maximum rate of 100 to 125 cc/hr; reduction of rate for gastric residual more than 300 cc.
